Introduction
Fusion research has enjoyed being flagship programs in key research institutions all over the world. This is exemplified by the construction of the International Thermonuclear Experimental Reactor (ITER) [1] at Cadarache in France. On the other hand, the National Ignition Facility (NIF) [2] , which is based on laser fusion, at Lawrence Livermore National Laboratory in the United States recently completed its first integrated ignition experiment, and then is beginning its next phase of the campaign to culminate in fusion ignition tests [3] .
Scattered neutron diagnostics is an indispensable tool for the inertial confinement fusion research [4, 5] . However, scattered neutron measurements have not been successful for deuterium fusion experiments. A scintillator for scattered neutrons, which are minority with a lower energy of Published under licence by IOP Publishing Ltd 0.28 MeV, requires quick response time to discriminate against majority radiations such as x-rays and primal neutrons based on their time-of-flight. Izumi et al. [5] pointed out that 6 Li is an ideal initial scattered neutron receptor because 6 Li(n,T) cross section has a large resonance on the low-energy tail of the scattered neutron spectrum. Therefore, the scattered neutron scintillators are required to contain a large amount of 6 Li with a fast decay constant below 20 ns. Recently we have developed an ultrafast and high 6 Li density scintillator with the composition of 20Al(PO 3 ) 3 -80LiF by doping Pr 3+ ions based on our original material design [6] [7] [8] [9] [10] [11] . The purpose of this work is to investigate the glass structure of 20Al(PO 3 ) 3 -80LiF glasses using Raman spectroscopy. Also, the relationship between physical and scintillation properties and glass structure is discussed.
Experimental procedure

Sample preparation
Glass samples named as APLF80 + nPr with the composition 20Al(PO 3 ) 3 -80LiF + nPrF 3 (n = 0 -3, in mol%) were prepared by the conventional melt-quenching method. Starting materials were 99.99% chemical purity Al(PO 3 ) 3 , 99.99% LiF, 99.6% isotopic enriched LiF (95.5 atom% 6Li), and 99.9% PrF 3 . 8 -80 g of mixtures of starting materials with PrF 3 were melted in a glassy carbon crucible with a lid at 1100°C for 0.5 -1 h under nitrogen atmosphere. The glass melt was then cooled down and subsequently annealed near the glass transition temperature. Annealed samples were cut and polished for measurements.
Sample evaluation
Density was measured by pycnometer using a gas displacement technique (AccuPyc 1330, micromeritics, GA, USA). Glass transition temperature and thermal expansion coefficient were calculated based on TMA measurement (TMA8310, Rigaku, Tokyo, Japan). Transmission spectra were measured by a VUV spectrometer (VUV 200Q, JASCO, Tokyo, Japan). Raman spectra were acquired in a 90° scattering geometry with HeCd laser at 325 nm excitation. Measurements of scintillation properties were described in detail elsewhere [6] [7] [8] [9] [10] [11] . All of the above measurements were performed at room temperature.
Results and discussion
Physical and scintillation properties of APLF80+nPr glasses are summarized in Table 1 . The density and glass transition temperature are slightly higher than those of literatures [12] [13] [14] . The difference in melting conditions would affect those values because of the volatilization from glass melts. The APLF80 glass has wide band gap in the deep ultraviolet region, so that APLF80 glass would be suitable for matrix glass of UV-emitting Pr 3+ . In fact, Pr 3+ -doped APLF80 glass achieves uv luminescence at around 270 nm with decay constants 19.6 ns by uv and 4.6 ns by neutorons excitations due to the 5d-4f transition of Pr 3+ . This is favorable since a shorter luminescence lifetime is more suitable for the detection of scattered neutrons. Consequently, using this newly developed APLF80+3Pr scintillator, ICF-originated neutrons were successfully detected in the GEKKO XII facility at the Institute of Laser Engineering, Osaka University [6, 7] .
The glass structure of APLF80 was investigated using Raman spectroscopy in order to discuss relationship between physical and scintillation properties and structure. Figure 1 shows the Raman spectrum of non-doped APLF80 glass. The assignment of Raman bands in the APLF80 glass is proposed based on the literature [15] . Q n and Q T denote the number of bridging oxygens and terminal oxygens (i.e., P=O double bond or non-bridging oxygens), respectively, in a phosphate unit. The APLF80 glass has main band with two peaks occurring at about 1145 and 1075 cm -1 : the former was attributed to the symmetric P-O T stretching Q 2 ( s PO T -Q 2 ) and latter to the symmetric P-
). The secondary band in the range of 670-840 cm -1 was attributed to the symmetric stretching vibrations of bridging oxygen P-O-P ( s POP-Q 2 and s POP-Q 1 at lower and higher energy components, respectively [16] ). The bands located below 670 cm -1 are complicated due to overlapping different vibration modes such as the stretching vibrations of bridging and isolated AlF n polyhedra and the deformation vibrations of phosphate network. Signals corresponding isolated phosphate polyhedra Q 0 units were undetected. This result indicates that the phosphate network plays an important roll of stabilization for APLF80 glass despite a large amount of LiF. Consequently, APLF80 glass was easy to form as glass with a large size of 60 mm in diameter and 10 mm in height as shown in Figure 2 and an excellent chemical durability during polishing with water because the Q 2 chain units would be majority compared with Q 1 and Q 0 units. The reason for the wide band gap of APLF80 glass would be high fraction of Q 2 chain units. Absorption bands of bridging oxygen in Q 2 chain units exist in the higher energy levels compared with those of non-bridging oxygens in Q 1 and Q 0 units. Moreover, the wide band gap of APLF80 glass would be caused by high content of LiF, which has a highest optical band gap. 
Conclusion
Recently we have developed an ultrafast and high 6 Li density scintillator with the composition of 20Al(PO 3 ) 3 -80LiF by doping Pr 3+ ions based on our original material design. The APLF80 glass was easy to form as glass with a large size, an excellent chemical durability during polishing with water and a wide band gap. Raman spectra were acquired in order to investigate the structure of APLF80 glasses and discuss the relationship between these characteristics and glass structure. Consequently, the fraction of bridging species of APLF80 glass is high, so that the APLF80 has high glass formingability, high chemical durability and wide band gap. Using this newly developed APLF80+3Pr scintillator, ICF originated neutrons were successfully detected in the GEKKO XII facility at the Institute of Laser Engineering, Osaka University. We are developing a compact neutron imaging system using an APLF80+3Pr glass scintillator pixel type array that promises viability as a future down-scattered neutron detector for the FIREX project at the Institute of Laser Engineering, Osaka University and the National Ignition Facility, Lawrence Livermore National Laboratory. 
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